IMPORTANCE Postsurgical fibrosis is a critical determinant of the long-term success of glaucoma surgery, but no reliable biomarkers are currently available to stratify the risk of scarring.
F etal skin wound healing is scarless and fundamentally different from adult wound healing. 1, 2 Scarless fetal wound healing is characterized by little inflammation, minimal fibroblast proliferation, and decreased levels of potent inflammatory cytokines, such as interleukin 6 (IL-6). 3 Interleukin 6 controls the effector characteristics of various Tcell subsets, including helper T17 cells, helper T22 cells, and certain IL-10-secreting subsets. 4 Interleukin 6 also plays an important role in pulmonary fibrosis, 5 peritoneal fibrosis, 6 renal interstitial fibrosis, 7 and cancer-associated fibroblasts. 8 Scarless fetal wound healing is associated with high levels of hyaluronic acid, 9 which increases the expression of proteoglycan 4 (PRG4). 10 Also known as lubricin, PRG4 is a lubricating mucinlike glycoprotein that has been detected at the ocular surface. 11 It is downregulated in palmar fascia fibroblasts from patients with Dupuytren contracture. 12 Moreover, increasing PRG4 expression using recombinant human PRG4 treatment decreases α-smooth muscle actin expression in lens epithelial cells activated with transforming growth factor β 2 and may prevent the full myofibroblast phenotype in posterior capsular opacification. 13 Detailed clinical phenotyping and effective biobanking of large patient cohorts are critical to the study of putative biomarkers of disease severity and prognosis in ocular fibrosis.
14 AfroCaribbean patients have a genetic predisposition to ocular and keloid scarring. 15 Dupuytren contracture is also a familial disorder that is highly prevalent in individuals of Northern European descent. 16 However, there is a current lack of reliable biomarkers to stratify the risk of scarring in the eye. The ability to determine patients' risk of scarring and to tailor the antifibrotic treatment regimen to each patient would be clinically useful to prevent undertreating or exposing them to unnecessary treatments with potential adverse effects. In this study, we sought to determine whether correlation of the clinical phenotype of patients with conjunctival fibrosis with altered gene expression revealed IL6 (OMIM 147620) and PRG4 (OMIM 604283) as potential novel tissue biomarkers of fibrosis.
Methods

Patient Recruitment
We recruited patients with glaucoma at the time of surgery at the Moorfields Eye Hospital, London, England, from September 1, 2014, to September 1, 2016. All participants gave written informed consent after an explanation of the nature and possible consequences of the study. All data were anonymized and deidentified. The inclusion criteria were age older than 18 years and a plan to undergo glaucoma tube surgery. The exclusion criterion was previous conjunctival surgery other than glaucoma surgery. The study was performed according to approval of the National Research Ethics Service Committee London-Dulwich and the tenets of the Declaration of Helsinki.
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Clinical Examination
The participants were divided into 2 groups: participants who had previous glaucoma surgery (fibrotic group) and participants with no previous glaucoma surgery (nonfibrotic group).
All study participants underwent a standardized ophthalmic examination before surgery, including best-corrected visual acuity, intraocular pressure (IOP), lens status, and cup-disc ratio. We also collected detailed information on patient demographics, including age, sex, ethnicity, and type of glaucoma.
Moorfields Bleb Grading
We assessed each study participant with previous glaucoma surgery using the Moorfields bleb grading system. 18 Central bleb area, maximal bleb area, and bleb height were graded on a scale of 1 to 5 (1 indicating 0%; 2, 25%; 3, 50%; 4, 75%; and 5, 100%). Bleb vascularity was graded on a scale of 1 to 5 (1 indicating avascularity; 2, normal; 3, mild; 4, moderate; and 5, severe hyperemia).
Medical and Surgical Treatment
We collected information on the number of antiglaucoma eyedrops, including β-blockers, prostaglandin analogues, carbonic anhydrase inhibitors, α-agonists, and pilocarpine, as well as the number of patients taking oral acetazolamide. We also recorded any previous surgical and laser treatments, including the number of trabeculectomies, glaucoma tube operations, and diode laser treatments.
Fibroblast Cell Lines
We established fibrotic fibroblast (FF) and non-fibrotic fibroblast (NF) primary cell lines from conjunctival tissues collected from study participants in the fibrotic group and study participants in the nonfibrotic group, respectively. The conjunctival tissues were mechanically dispersed, and the tissue fragments were placed in tissue culture dishes with Dulbecco modified Eagle medium (Invitrogen), 10% fetal calf serum, 100 U/mL of penicillin, 100 μg/mL of streptomycin, and 2mM of L-glutamine at 37°C with 5% carbon dioxide.
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After outgrowth from the explant, the fibroblasts were trypsinized and cultured routinely in the aforementioned medium. Fibroblast cell lines in early passages 1 to 2 were used in the experiments.
Real-time Quantitative Polymerase Chain Reaction
Real-time quantitative polymerase chain reactions (PCRs) were performed using a Platinum quantitative PCR master mix (Thermo Fisher Scientific) on a CFX Real-Time PCR detection
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Question Are IL6 and PRG4 potential novel tissue biomarkers of conjunctival fibrosis after glaucoma surgery?
Findings In this cross-sectional study, IL6 expression was upregulated and PRG4 expression was downregulated in fibrotic conjunctiva, and both correlated strongly with the number of glaucoma operations and logMAR visual acuity.
Meaning These results support IL6 and PRG4 as potential tissue biomarkers of disease severity and prognosis in conjunctival fibrosis after glaucoma surgery; longitudinal studies are needed to validate these biomarkers of fibrosis in the future.
system (Bio-Rad). The Taqman gene expression assays were IL6 (Hs00985639_m1), PRG4 (Hs00981633_m1), and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (OMIM 138400) (Hs02758991_g1) (Thermo Fisher Scientific). All messenger RNA values were normalized relative to that of GAPDH, and triplicate experiments were performed for each condition.
Immunohistochemical Analysis
Fibrotic and nonfibrotic human conjunctival tissues were fixed in formalin for 24 hours. The samples were dehydrated through an alcohol gradient (70%, 95%, and 100% Industrial Methylated Spirit) followed by chloroform clearance on a Peloris II tissue processing machine (Leica Camera AG). The samples were embedded in paraffin wax using a Tissue-Tek TEC embedding machine (Sakura International Inc). Tissue sections were cut on a manual rotary microtome (HM340E, Thermo Fisher Scientific) at a section thickness of 3 μm using S35 microtomy blades (FEATHER Safety Razor Co Ltd). The sections were mounted on slides (Xtra Adhesive, Leica Camera AG), air dried for 60 minutes, and heated for 60 minutes at 70°C before staining. The sections were dewaxed and stained on a Bond-Max automated immunostainer (Leica Camera AG). The sections were incubated with IL-6 (1:400, rabbit polyclonal ab6672, Abcam) or PRG4 (1:200, polyclonal rabbit HPA028523, Atlas) antibody for 30 minutes at room temperature.
Immunofluorescence
The FF and NF cell lines were seeded onto coverslips at 1 × 10 5 cells per well in 6-well plates. The cells were fixed with 4% paraformaldehyde for 15 minutes and incubated with blocking solution (phosphate-buffered saline that contained 10% normal goat serum and 0.03% Triton X-100) for 30 minutes. The cells were then incubated with primary antibodies against IL-6 (1:100, ab6672, Abcam) or PRG4 (1:100, HPA028523, Atlas) for 2 hours followed by Alexa 488-conjugated goat antirabbit IgG (H + L) (1:500, Thermo Fisher Scientific) for 1 hour. The coverslips were then rinsed with phosphate-buffered saline and mounted onto slides with mounting medium (Dako) that contained 10 μg/mL of 4',6-diamidino-2-phenylindole. Three randomly chosen fields per sample were imaged at ×20 magnification using a DM4000B microscope (Leica Camera AG). Stained areas of IL-6 and PRG4 were calculated using a bespoke image processing algorithm written in MATLAB. Each image was first converted into a grayscale image ranging from a level of 0 for black to 255 for white. The maximum background grayscale level of each image was then identified, and any grayscale value above it was considered as staining.
Statistical Analysis
All data are presented as mean (SEM). Statistical analysis was performed using the unpaired, 2-tailed t test to calculate differences in individual P values. P < .05 (2-sided) was considered to be statistically significant. We performed genotype-phenotype comparisons using the Spearman correlation of the IL6 or PRG4 gene vs bleb area, bleb height, bleb vascularity, number of glaucoma operations, age, IOP, logMAR visual acuity, cup-disc ratio, and number of antiglaucoma eyedrops.
Results
Patient Demographics
A total of 42 patients were recruited during the study period; 28 participants (67%) had previous glaucoma surgery (fibrotic group), and 14 participants (33%) had no previous glaucoma surgery (nonfibrotic group). Most study participants were white: 22 white (79%), 4 Asian (14%), and 2 Afro-Caribbean (7%) in the fibrotic group and 9 white (64%), 4 Asian (29%), and 1 Afro-Caribbean (7%) in the nonfibrotic group (eTable 1 in the Supplement). The difference in age between groups was not significant, with a mean (SD) age of 43.8 (3.6) years in the fibrotic group and 47.7 (6.9) years in the nonfibrotic group (P = .58). In the fibrotic group, 12 patients (43%) were male and 16 (57%) were female; in the nonfibrotic group, 10 (71%) were male and 4 (29%) were female.
Clinical Phenotype
All participants in the fibrotic group had marked bleb scarring and vascularization ( Figure 1A) . On the basis of the Moorfields bleb grading system, the central bleb area was 1.4 (0.1), maximal bleb area was 1.4 (0.1), bleb height was 1.4 (0.1), and bleb vascularity was 3.4 (0.2) ( Figure 1B) . The fibrotic participants had multiple glaucoma operations, with a mean of 1.5 (range, 1-3). Among the fibrotic group, 13 participants (47%) had trabeculectomy surgery, 4 participants (14%) had glaucoma tube surgery, and 11 participants (39%) had multiple glaucoma operations (eTable 1 in the Supplement).
The study participants in the fibrotic group had worse bestcorrected visual acuity, with a mean logMAR vision of 0. (Figure 2A ). The fibrotic group had a mean preoperative IOP of 22.3 mm Hg, and the nonfibrotic group had a mean preoperative IOP of 27.1 mm Hg (difference, 4.8; 95% CI, 1.8-9.1; P = .13) ( Figure 2B ). Most participants had advanced disc cupping, with a cup-disc ratio of 0.87 in the fibrotic group and 0.84 in the nonfibrotic group (difference, 0.03; 95% CI, −0.01 to 0.07, P = .35) ( Figure 2C ). Most study participants were also using multiple antiglaucoma eyedrops, with a mean of 3.6 in the fibrotic group and 3.8 in the nonfibrotic group (difference, 0.2; 95% CI, −0.2 to 0.7; P = .55) ( Figure 2D) . A high percentage of participants in the fibrotic and nonfibrotic groups were using topical β-blockers, prostaglandin analogues, carbonic anhydrase inhibitors, α-agonists, and oral acetazolamide ( Figure 2E ).
Genotype-Phenotype Correlations of the IL6 and PRG4
Genes in Fibrotic and Nonfibrotic Conjunctival Fibroblasts
We next established FF (FF3, FF13, FF14, FF15, FF16 , and FF17) and NF (NF1, NF4, NF7, and NF8) primary cell lines from conjunctival tissue samples collected from 10 patients in the study (eTable 2 in the Supplement). We performed real-time quantitative PCR to compare the IL6 and PRG4 genes in the FF and NF cell lines. The IL6 gene was upregulated in the FF cell lines (mean, 0.040) compared with the NF cell lines (mean, 0.011) (difference, 0.029; 95% CI, 0.015-0.043; P = .003). FF14 and FF16 had the highest IL6 gene expression, whereas NF4 and NF7 had the lowest IL6 gene expression ( Figure 3A) . The PRG4 gene was also downregulated in the FF cell lines (0.002) compared with the NF cell lines (mean, 0.109; difference, 0.107; 95% CI, 0.104-0.110; P = .03). NF1 and NF4 had the highest PRG4 gene expression, whereas FF13 and FF15 had the lowest PRG4 gene expression ( Figure 3B ). We also performed Spearman correlation between the IL6 or PRG4 gene and the detailed clinical phenotype of patients. The Spearman correlation coefficient (r) ranges in value from −1 to +1. The larger the absolute value of the coefficient, the stronger the correlation between the variables. A positive r indicates a positive association between the 2 variables, whereas a negative r indicates a negative association. We found a strong correlation between the IL6 gene and the number of glaucoma operations (r =0 . 9 4 , P < .001) ( Figure 3C ) and logMAR visual acuity (r =0 . 64 , P = .03) ( Figure 3D ). A moderate correlation was also found between the PRG4 gene and the number of glaucoma operations (r = −0.72, P = .005) ( Figure 3E ) and logMAR visual acuity (r = −0.62, P = .03) ( Figure 3F ). However, we found no correlations between the IL6 or PRG4 gene and the central bleb area, maximal bleb area, bleb height, and bleb vascularity (eTable 3 in the Supplement). In addition, no correlations were found between the IL6 or PRG4 gene and patient age, IOP, cup-disc ratio, and number of antiglaucoma eyedrops (eTable 3 in the Supplement).
Fibrotic Conjunctival Tissues and IL6 and PRG4 Protein Expression
We further stained fibrotic and nonfibrotic conjunctival tissues from the glaucoma study participants for IL6 and PRG4 protein expression. Fibrotic conjunctival tissues after glaucoma surgery undergo marked histopathologic changes compared with nonfibrotic conjunctival tissues. Similar to the gene expression patterns, fibrotic conjunctival tissues expressed increased IL6 and decreased PRG4 protein staining compared with nonfibrotic conjunctival tissues ( Figure 4 ). In addition, we stained the FF and NF cell lines to compare the distribution of the IL6 and PRG4 proteins in fibrotic and nonfibrotic conjunctival fibroblasts. The FF cell lines had a higher proliferative rate than the NF cell lines, but overall, no differences were found in cell morphologic findings between the 2 groups. There was a mixture of nuclear and cytoplasmic IL6 and PRG4 staining pattern in the FF and NF cell lines ( Figure 5A and B). The FF cell lines showed increased IL6 staining compared with the NF cell lines. FF14 and FF16 had the highest IL6 staining, whereas NF1 and NF4 had the lowest IL6 staining ( Figure 5C ). We, however, did not find any differences in PRG4 staining between the FF and NF cell lines ( Figure 5D ). This finding could potentially be attributable to the sensitivity and specificity of the PRG4 antibody used in the study.
Discussion
Deep clinical phenotyping and the use of specific tissue biomarkers represent key aspects of personalized medicine in ocular fibrosis. 14 A previous study 20 found that there is a distinct fibrosis gene signature in the conjunctiva after glaucoma surgery, and the RNA signature revealed an upregulation of the Inflammation is a risk factor for scarring after trabeculectomy surgery, and increased inflammatory cells in the conjunctival tissues of patients who previously underwent glaucoma surgery is associated with an increased risk of conjunctival scarring. 34, 35 Afro-Caribbean patients also rep- resent a high-risk group for conjunctival scarring, and the increased number of conjunctival macrophages may partially explain the tendency for a lower success rate of filtration surgery in this group of patients. 36 In addition, long-term treatment with multiple antiglaucoma eyedrops has been identified as a significant risk factor for failure in trabeculectomy because it causes subclinical conjunctival inflammation with increased macrophages and lymphocytes in the conjunctival epithelium. 37, 38 Higher IL6 levels also correlated strongly with multiple failed glaucoma operations and worse visual acuities in patients with glaucoma. Trachoma is another conjunctival scarring disease, and IL6 is overexpressed in scarring trachoma fibroblasts. 39 Moreover, IL6 is an important immune mediator, and a genome-wide association study further suggests that the genetic associations with trachoma scarring might be focused on processes related to the immune system. 40 Similarly, increased IL-6 has been found in dermal interstitial blister fluid from patients with systemic sclerosis. 41 High IL-6 expression in patients with early diffuse cutaneous systemic sclerosis is also associated with more severe skin involvement at 3 years and worse long-term survival than in those without elevated IL-6 levels. 42 In this study, we found a downregulation of the PRG4 gene in fibrotic human conjunctival fibroblasts after glaucoma filtration surgery. Lower PRG4 levels correlated moderately with multiple failed glaucoma operations and worse visual acuities in patients. Proteoglycan 4 is an important biological modifier that regulates processes such as tissue development, homeostasis, inflammation, innate immune response, and wound healing. 43, 44 Chronic obstructive pulmonary disease is characterized by a progressive loss of lung function that is caused by repeated pulmonary inflammation. 45 Another study 46 found that serum PRG4 correlated strongly with the 1-year change in predicted lung forced vital capacity and is a diagnostic biomarker in patients with chronic obstructive pulmonary disease. New biomarkers of fibrosis may provide sensitive and reproducible means of targeting and personalizing therapy and assessing disease response in the future. Pirfenidone treatment decreased IL-6 levels 47 and reduced disease progression in patients with idiopathic pulmonary fibrosis. 48 Tocilizumab, a monoclonal antibody against IL-6, did not produce a significant reduction in skin thickening, but there was evidence of reduced decline in lung forced vital capacity in a phase 2 clinical trial in patients with systemic sclerosis.
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Limitations
Because this was a cross-sectional study, it was not possible to determine whether the observed differences in IL6 and PRG4 expression in FF and NF cell lines preceded fibrosis rather than being the consequence of developing fibrosis. A future longitudinal study of patients undergoing surgery for the first time with multiple postoperative measures of tissue biomarkers will be necessary to validate the effect desired for clinically useful biomarkers. Another limitation is the relatively small sample size, and we are establishing a fibrosis biobank of tissues to validate our results in larger longitudinal studies in the future.
Conclusions
This cross-sectional study found that IL6 is upregulated and PRG4 is downregulated in fibrotic human conjunctiva after glaucoma filtration surgery, and both correlated with the number of glaucoma operations and logMAR visual acuity. Confirmation from future longitudinal studies is needed to have greater confidence that IL6 and PRG4 are potential novel tissue biomarkers of disease severity and prognosis in conjunctival fibrosis after glaucoma surgery. 
